Abstract Recent behavioural Wndings using dual-task paradigms demonstrate the importance of both spatial and non-spatial working memory processes in ineYcient visual search (Anderson et al. in Exp Psychol 55:301-312, 2008). Here, using functional magnetic resonance imaging (fMRI), we sought to determine whether brain areas recruited during visual search are also involved in working memory. Using visually matched spatial and non-spatial working memory tasks, we conWrmed previous behavioural Wndings that show signiWcant dual-task interference eVects occur when ineYcient visual search is performed concurrently with either working memory task. Furthermore, we Wnd considerable overlap in the cortical network activated by ineYcient search and both working memory tasks. Our
Introduction
Visual search for items that are diYcult to discriminate from surrounding distractor items often take several seconds to perform (Duncan and Humphreys 1989) . Such demanding searches are thought to beneWt from memorybased mechanisms that guide attention away from previously searched items and towards fresh sources of information. However, there has been much debate over the nature of the memory processes utilised and any possible interaction between attention and memory.
Initial studies suggested a speciWc role for spatial memory in visual search, such that previously searched locations were held in memory, serving to guide attention towards unsearched areas in a visual scene (Klein 1988; Peterson et al. 2001; McCarley et al. 2003) . Supporting this hypothesis, dual-task paradigms in which visual search is performed concurrently with a spatial working memory task demonstrate a decline in search eYciency, compared to search performed in isolation (Experiment 1, Oh and Kim 2004; Woodman and Luck 2004) . Such dual-task interference is thought to occur when concurrent tasks compete for the same limited processing resource (Klingberg and Roland 1997; Klingberg 1998; Morey and Cowan 2004) . In this case, visual search performance declined due to limited available spatial working memory resources. In contrast, no such decline in eYciency was found for search performed concurrently with an object working memory task (Woodman et al. 2001) , or a memory for colour task (Experiment 2, Oh and Kim 2004) , suggesting that visual search utilises working memory processes speciWc to the spatial domain, which are distinct from non-spatial memory processes. Such Wndings support a 'domain-speciWc' model of working memory, in which functionally separable spatial and nonspatial working memory subsystems are thought to exist within the human brain (Wilson et al. 1993; Smith et al. 1996; Ungerleider et al. 1998; Sala et al. 2003) .
However, we have recently shown in a behavioural study that processes associated with non-spatial working memory also play an important role in visual search (Anderson et al. 2008) . When ineYcient visual search was performed concurrently with either a spatial or a visually matched non-spatial (verbal) working memory task, search eYciency declined by a comparable degree for both. The working memory tasks used were highly demanding, requiring information to be maintained, updated, rehearsed, retrieved and selected for successful performance. Our Wndings are consistent with a previous study in which a non-spatial working memory task, requiring both the maintenance and manipulation of information in memory, interfered with a concurrent visual search task (Han and Kim 2004) . However, in that study, when only simple maintenance of the same information was required no such interference occurred. Together, these Wndings suggest that working memory resources, in either the spatial or non-spatial domain, associated with monitoring and manipulating information are recruited during diYcult visual search tasks. The absence of dualtask interference eVects found in previous studies between ineYcient visual search and non-spatial working memory tasks, in which only a simple detection task was required, may have been due to the lack of executive processes performed on the information held in memory (Woodman et al. 2001; Oh and Kim 2004) .
Here, using behavioural measures and fMRI, we sought to determine whether visual search and working memory interfere because they compete for common, limited capacity processing resources within overlapping areas of the cerebral cortex. We have previously shown in a behavioural study that both a spatial and nonspatial working memory task interferes with concurrent performance of an ineYcient search (rotated T amongst Ls), but not with an eYcient search for a highly salient target (rotated X amongst Ls) (Anderson et al. 2008) . We have also shown, using fMRI, that ineYcient search uniquely activates regions of prefrontal cortex, in addition to common regions of occipital and parietal cortex which were also activated by eYcient search (Anderson et al. 2007 ). Here, we sought to determine whether these unique areas of prefrontal cortex-associated with ineYcient, but not eYcient search-are also associated with our working memory tasks. Such a Wnding would indicate that the behavioural interference eVects observed may result from competition for processing resources within common cortical areas. Furthermore, the behavioural interference eVects observed previously were comparable across the spatial and non-spatial domain, indicating that both working memory tasks may engage common regions of frontal cortex (Anderson et al. 2008) . Despite the vast literature concerning the frontal cortex and working memory for diVerent types of information (Petrides 1989) , the existence of functional subdivisions within the lateral prefrontal cortex for spatial and non-spatial working memory is still a matter of intense debate (Owen et al. 1998; Curtis et al. 2000; Levy and Goldman-Rakic 2000; Nystrom et al. 2000; Walter et al. 2003; Manoach et al. 2004) . Indeed, recent meta-analyses of the neuroimaging literature suggest that the lateral prefrontal cortex is organised according to the process performed on stored information, rather than the type of information stored (Owen 1997; D'Esposito et al. 1998) .
Here, we employed a dual-task paradigm in which an ineYcient visual search task (search for a rotated T amongst rotated Ls) was performed within the retention interval of either a spatial working memory task or a verbal working memory task. The working memory tasks were visually matched and also matched for task diYculty. These stimuli have been used previously in a purely behavioural study and shown to produce signiWcant dual-task interference (Anderson et al. 2008) . Using a blocked-design fMRI paradigm, we measured cortical activity associated with the spatial and the verbal working memory tasks and compared this with the cortical network previously found to be associated with ineYcient search (Anderson et al. 2007 ). We were speciWcally interested in two regions of prefrontal cortex previously identiWed as being uniquely involved in ineYcient search. SpeciWc regions of interest (ROI) in the right inferior and middle frontal gyrus were deWned based on the results of our previous study in order to perform detailed analyses. In addition, we also examined the neural correlates of performing the working memory and visual search tasks concurrently compared to performing the working memory tasks alone.
Experiment 1: behavioural study

Methods
Participants
Twelve naïve participants, all right handed, aged 19-32 years with normal, or corrected to normal, visual acuity gave written informed consent to take part in both the behavioural and functional imaging study. Ethical approval was received from the local ethics committee.
Stimuli and behavioural task
There were Wve experimental conditions (described in detail below): (1) visual search only, (2) spatial working memory only (SWM only), (3) verbal working memory only (VWM only), (4) spatial working memory & search (SWM & search), (5) verbal working memory & search (VWM & search) . After an initial practice session (6 trials of each condition), participants performed one block, comprising 40 trials of a single condition, for each of the Wve conditions.
Stimuli were written in Matlab 6.5.1 (http://www. mathworks.co.uk), using Cogent2000 graphics (http:// www.fil.ion.ucl.ac.uk/cogent2000.html) and presented on a 19" PC monitor, 800 £ 600 resolution at 60 Hz.
Visual search only Stimuli comprised a uniform grey background (subtending 18°£ 13.6°) with an array of randomly rotated white letter L distractors (subtending 0.7°) equally spaced in a concentric ring (at an eccentricity of 2.4°) around a central white Wxation cross. On target present trials one of the distractor was replaced by a randomly rotated letter T (Fig. 1 ). Participants were required to report the presence or absence of the rotated letter T as fast and as accurately as possible. Two set sizes were used, n = 4 (T4) and n = 10 (T10). These stimuli have previously been shown to elicit an ineYcient search proWle (Anderson et al. 2007) , and hence the term 'ineYcient search' is used here to describe these search tasks to maintain consistency with this earlier related study.
Conventionally, search performance is characterized by a 'search function' representing the change in RT as a function of set size. The slope of this function is taken as a measure of search eYciency. In this study only two set sizes were used (4 & 10); therefore we have taken the diVerence in RT for search at set size 10 and search at set size 4, divided by the change in set size (6 items) as our search 'slope' and hence a measure of search 'eYciency'.
Working memory only A sequence of 5 letters was presented at 5 diVerent locations on a circular arc (eccentricity 2.4°) around Wxation. Locations were chosen at random from 10 possible locations (corresponding to the 10 positions used in the search array at n = 10). Letters were chosen at random, without repeats, from 10 possible letters: A D E H N P U V Y Z. The letters T and L were not used to avoid priming the target or distractors in the visual search task during 'dual-task' trials (see below).
In the SWM only task participants were instructed to remember the locations of the letters and the temporal order in which they were presented, but to ignore the identity of the letters (Fig. 2a) . In the VWM only task participants were instructed to remember the identity of the letters and the temporal order in which they were presented, but to ignore the locations in which they appeared (Fig. 2b) . The sequence of locations/letters had to be retained across a 2,500 ms interval after which a probe screen appeared. For the SWM probe a new letter was presented at one of the locations used in the initial sequence, along with a number at Wxation. Participants were asked whether the central number corresponded to the temporal position in which that location had been presented. For example, in Fig. 2a , the probe is asking whether the location indicated by the letter A was presented third in the sequence, and the answer would be 'yes'. For the VWM probe one of the letters used in the initial sequence appeared at a new location, along with a number in the centre of the screen. Participants were asked whether the central number corresponded to the temporal position in which that letter had been presented. For example, in Fig. 2b , the probe is asking whether the letter D had been presented 2nd in the sequence, and the answer would be 'yes'. The location used for the probe was not one of the locations used in the initial sequence.
All locations/letters in the sequence were probed with equal frequency, except for the 1st which was never probed. Participants were instructed to respond 'yes' or 'no' to the probe as accurately as possible using a manual key press. When a response had been made (or 3,600 ms Fig. 1 Search stimuli. Visual search stimuli comprised a uniform grey background with an array of randomly rotated white letter L distractors equally spaced in a concentric ring, around a central white Wxation cross. On target present trials one of the distractors was replaced by a randomly rotated letter T. Participants were required to report the presence or absence of the rotated letter T as fast and as accurately as possible. Two set sizes were used, n = 4 (T4) and n = 10 (T10)
T4 T10
time had elapsed) feedback was given: a tick for correct, a cross for incorrect or no response. The probe was correct on 50% of trials and emphasis was heavily placed on response accuracy, rather than response speed.
Dual-tasks For the dual-task conditions, a single visual search task (T4 or T10) was performed within the retention interval of the working memory task (spatial or verbal) and participants performed both tasks concurrently. That is, participants observed the initial sequence to be remembered for the working memory task, then, whilst maintaining and rehearsing this information in memory, simultaneously performed the visual search task and indicated target presence or absence with an immediate key press. A probe was subsequently presented for the working memory task and participants were asked to make a second un-speeded response to indicate whether the probe was correct or incorrect. To avoid priming the location of the target in the visual search array the target location was never used for the working memory task. All other details were the same as for the 'working memory only' conditions. In all conditions participants were required to maintain steady Wxation on the central Wxation cross throughout, head movement was constrained using a chin rest. Manual responses were collected using the right and down arrow keys on a computer keyboard. One key indicated 'target present' for the search task and 'yes' to the working memory probe, the other key indicated 'target absent' for the search task and 'no' to the working memory probe. All participants used their dominant hand and the key mappings were counterbalanced across participants.
Analysis of behavioural data
Mean manual response times (RTs) and response accuracy were calculated separately for the visual search tasks and working memory tasks for every condition. Trials with incorrect responses were discarded and RT values further than 2.5 standard deviations from the mean were considered outliers and removed; the mean was then re-calculated.
Eye movement recording and analysis
An SMI (http://www.smi.de) Eyelink infrared pupil tracker with Eyelink 2.3 software, sampling at 250 Hz, spatial resolution of »0.5°, was used to record Wxation accuracy for all Fig. 2 Visually matched spatial working memory and verbal working memory tasks. Example trial sequences for experiment 1 (a) SWM only and (b) VWM only. For the SWM only task participants were instructed to remember the locations of the letters (and the temporal order in which they were presented), but to ignore the identity of the letters. For the VWM only task participants were instructed to remember the identity of the letters, but to ignore the locations in which they appeared. The sequence of locations/letters had to be retained across a 2,500 ms interval after which a probe screen appeared. Participants were instructed to make a button response 'yes' or 'no' to indicate whether the central number corresponded to the temporal position in which that location (SWM)/letter (VWM) had been presented (see "Methods"). Previous data conWrms that these tasks are matched for task diYculty (Anderson et al. 2008) participants throughout all experimental conditions. Eye movement data were analysed oV-line using custom programs written in Matlab. A saccade velocity criterion of 30° per second was used. Any trials on which a blink or a saccade greater than 1.2° was made were automatically eliminated.
The number and amplitude of saccades made during the search tasks and the working memory tasks were calculated separately for each condition. A criterion for steady Wxation was applied, such that any participants who made saccades of amplitude greater than 1.2° (half the eccentricity of the stimuli) on more than 10% of trials were excluded from the analysis.
Results experiment 1
Fixation analysis
All participants reached criterion for steady Wxation (see "Methods"). Analysis of variance, with search set size (4, 10) and working memory domain (spatial, verbal) as within participant factors, conWrmed there was no eVect of search set size (F(1,11) = 1.278, p = 0.282), or working memory domain (F(1,11) = 0.072, p = 0.794), and no interaction (F(1,11) = 0.281, p = 0.607), on the number of saccades made. Similarly, there was no eVect of search set size (F(1,11) = 0.083, p = 0.779), or working memory domain (F(1,11) = 0.820, p = 0.385), and no interaction (F(1,11) = 0.641, p = 0.440), on the amplitude of saccades made.
Search-only data
RTs for the search-only conditions conWrmed that search for a T took longer to perform as set size increased from 4 to 10 (i.e. an ineYcient search proWle), with greater eVect for target absent than target present search (target present search 'slope' 15 ms per item, target absent search 'slope' 38 ms per item). Analysis of variance, with set size and target presence as within participant factors, conWrmed these eVects were signiWcant (signiWcant main eVect of set size (F(1,11) = 44.901, p < 0.001), signiWcant main eVect of target presence (F(1,11) = 15.506, p = 0.002), and a signiWcant interaction between set size and target presence (F(1,11) = 23.605, p = 0.001)). See Table 1a for exact values.
EVect of memory load on search eYciency
Initial analysis of variance, performed on the spatial and verbal data separately, conWrmed that both the spatial and the verbal working memory tasks signiWcantly interfered with visual search performance. With spatial working memory load (no load, load), search set size (4, 10), and target presence (present, absent) as within participant factors, analysis of variance conWrmed there was a main eVect of spatial memory load (F(1,11) = 88.497, p < 0.001), a main eVect of set size (F(1,11) = 55.623, p < 0.001) and a main eVect of target presence (F(1,11) = 22.461, p = 0.001). There was also signiWcant interaction between spatial memory load and set size (F(1,11) = 18.824, p = 0.001) and between set size and target presence (F(1,11) = 36.340, p < 0.001). Similarly, for the verbal working memory load, analysis of variance conWrmed there was a main eVect of verbal memory load (F(1,11) = 41.454, p < 0.001), a main eVect of set size (F(1,11) = 33.033, p < 0.001) and a main eVect of target presence (F(1,11) = 29.897, p < 0.001). There was also signiWcant interaction between spatial memory load and set size (F(1,11) = 4.820, p = 0.050) and set size and target presence (F(1,11) = 27.370, p < 0.001). All other eVects did not reach signiWcance. The above analyses conWrm that adding a spatial or verbal memory load does indeed interfere with search performance. However, it is possible that these eVects are driven by diVerent cognitive strategies being adopted when performing two tasks concurrently (i.e. under dual-task conditions), compared to when performing each task alone (Herath et al. 2001) . Therefore, to remove this potential confound, we prefer to focus our analysis on comparing search performance across diVerent dual-task conditions, rather than comparing dual-task with single-task conditions. To achieve this, RTs for the 'search-only' condition were simply used as a baseline and subtracted from search RTs during dual-task conditions.
Once the baseline search RT values have been subtracted from the search RTs for the spatial dual-task conditions, there is still a residual search 'slope' of 11 ms per item for target present search and 26 ms per item for target absent search. Similarly, once the baseline search RT values have been subtracted from the search RTs for the verbal dual-task conditions, there is still a residual search 'slope' of 11/28 ms per item for target present/absent search. Thus both the spatial and verbal memory load signiWcantly interfered with search performance. These data are illustrated in Fig. 3 (see Table 1 for exact RT values). Importantly, analysis of variance, with working memory domain (spatial, verbal), search set size (4, 10), and target presence (present, absent) as within participant factors, conWrmed there was no main eVect of working memory domain (F(1,11) = 0.639, p = 0.441), no interaction between working memory domain and set size (F(1,11) = 0.044, p = 0.837) and no three-way interaction between memory domain, set size and target presence/ absence (F(1,11) = 0.418, p = 0.531). This conWrms that the spatial and verbal working memory tasks induced comparable interference eVects with the visual search task. There was the expected main eVect of set size (F(1,11) = 9.117, p = 0.012) and a trend for a signiWcant interaction between set size and target presence (F(1,11) = 4.006, p = 0.071). All other eVects did not reach signiWcance.
EVect of memory load on search accuracy
Search accuracy declined under dual-task conditions compared to search performed in isolation (Table 1a) . However, when the 'search only' error data was used as a baseline and subtracted from the dual-task error data, analysis of variance, with working memory domain (spatial, verbal) and search set size (4,10) as within participant factors, revealed no eVect of working memory domain (F(1,11) = 0.525, p = 0.484), no eVect of search set size (F(1,11) = 1.767, p = 0.211), and no interaction between memory domain and set size (F(1,11) = 0.013, p = 0.912).
EVects of search on working memory performance
For the SWM only and VWM only conditions there was no signiWcant diVerence in error rate (paired t test: t(11) = 1.041, p = 0.320) (Table 2a) , and all participants achieved greater than 70% accuracy in both tasks. However, under dual-task conditions errors on the SWM task were higher than those for the VWM task: analysis of variance, with working memory domain (spatial, verbal) and search set size (4, 10) as within participant factors, conWrmed a main eVect of working memory domain (F(1,11) = 8.006, p = 0.016) but no eVect of increasing search set size (F(1,11) = 990, p = 0.341), and no interaction (F(1,11) = 0.728, p = 0.412) .
No apriori predictions were made about the eVect search would have on working memory response times and analysis of variance revealed no eVect of memory domain (F(1,11) = 3.796, p = 0.077), no eVect of search set size (F(1,11) = 0.894, p = 0.365) and no interaction (F(1,11) = 0.306, p = 0.591). There was also no signiWcant diVerence in the RTs for either working memory task under single or dual-task conditions (Table 2a) .
Summary experiment 1
The behavioural Wndings of experiment 1 conWrm that dualtask interference eVects occur when ineYcient visual search is performed within the retention interval of either a spatial or a verbal working memory task-replicating our previous Wndings. Importantly, for the search RTs, analysis of variance conWrmed there was no 3-way interaction between memory domain, set size and target presence/ absence (F(1,11) = 0.418, p = 0.531), conWrming that the decrease in search eYciency was comparable across the spatial and non-spatial domain.
Experiment 2: functional MRI study
In experiment 2 we seek to determine whether these behavioural interference eVects may have arisen as a result of competition for common limited capacity processing resources within overlapping areas of the cerebral cortex.
Methods
Stimuli
All stimuli were projected onto a rear mounted projector screen which subtended 18°£ 13.6 , with all stimuli at an eccentricity of 2.4°, viewed via a mirror system mounted on the head coil. 'Presentation' software (http://www.neurobs.com) was used to present the visual images and to collect manual response data.
The stimuli from experiment 1 were adapted to ensure trial length, as well as visual and motor responses, were matched across all conditions. There were 4 experimental conditions ( Fig. 4a-d ) and 1 control condition (described below): (1) SWM only, (2) VWM only, (3) SWM & search, (4) VWM & search, (5) Visual search only-control condition.
Working memory only
Participants performed the same SWM only and VWM only tasks used in experiment 1. However, in order to control for visual stimulation across conditions a target absent visual search array was presented during the retention interval, instead of the Wxation cross used previously (Fig. 4a,  b) . The colour of the Wxation cross changed from white to black during this interval to remind participants NOT to search. Participants were instructed to press the 'target absent' button during the search array, to ensure motor responses were comparable to the dual-task conditions. Subjects also made a second response to the working memory probe to indicate whether it was correct or incorrect. Although the response to the search array was meaningless it kept motor responses constant across all conditions. All other details were the same as for experiment 1.
Dual-tasks
Trials were identical to those for the dual-task conditions used in experiment 1, except that only search at the larger set size of n = 10 was used (Fig. 4c, d ).
Visual search only
This condition was included to control for processes associated with visual search, as well as visual and motor responses, when used as a baseline for comparison with other conditions (see below). To ensure trial length and visual stimulation were comparable to conditions a-d, the search task was preceded by a sequence of letter Ks (a letter not used in any other condition) and followed by a dummy 'probe' screen. Participants were advised in advance that the sequence of letter Ks was purely a visual control, and that they were not required to remember the sequence and that either button could be pressed in response to the probe at the end of the trial (positive feedback was always given). Although the response to the memory probe was meaningless it ensured that motor responses were controlled for across all conditions. Participants were required to perform the search task as normal and to make an immediate response to indicate target presence or absence. The target was present on 50% of trials.
Experimental block design
There were 4 trials of one condition per block, and 5 block conditions, as detailed above (1) SWM only, (2) VWM only, The colour of the Wxation cross changed from white to black to remind participants NOT to search, and subjects were asked to always report target absence. For the dual-task trials (c, d), subjects were required to perform the visual search task, whilst simultaneously rehearsing information required for the working memory task the search task, and 'yes' to the working memory probe) and their middle Wnger for negative responses ('target absent' for the search task, and 'no' to the working memory probe), the remaining participants used the opposite button mapping.
Eye movement tracking and analysis Eye movements were recorded from all participants during MRI scanning using an MR compatible ASL504 LRO infrared video-based eye tracker (Applied Science Laboratory, Bedford, MA) sampling at 240 Hz, with a spatial resolution of »0.5°. Fixation was analysed oV-line using the same custom routines used for Experiment 1.
Scanning details
All images were acquired using a Siemens 1.5T Vision MRI scanner (Numaris version 33B) with the standard circularly polarised head coil. T2* weighted images were acquired using Gradient Echo EPI with a 128 £ 128 matrix, Weld of view 240 mm, TE 54 ms and 90° Xip-angle. A 64 £ 64 axial mosaic sequence was used to acquire 34 slices, parallel to the AC-PC line, in interleaved slice order. Acquired voxel size was 3.5 mm 3 . Using a TR of 3.6 s, 158 volume acquisitions were acquired per experimental run.
T1 weighted axial anatomical scans with 1 £ 1 £ 2 mm resolution were also acquired for every participant using an MP-RAGE sequence (TR = 9.7 ms, TE = 4 ms, T1 = 300 ms, Xip-angle 8°, 128 partitions, FOV 250 £ 250 £ 256 mm).
Analysis of imaging data
Image processing and statistical analyses were carried out using SPM99 (Wellcome Trust Centre for Neuroimaging, UCL, http://www.fil.ion.ucl.ac.uk/spm). Each participant's functional images were realigned to the Wrst image to compensate for head movement, spatially normalised to the SPM99 EPI template, and spatially smoothed with an isotropic smoothing kernel of 6 mm, full width at half maximum.
For each participant, a linear combination of regressors representing the time series for each condition of interest were convolved with a synthetic haemodynamic response function and its temporal derivative, creating a classic box car function. The general linear model, as employed by SPM99, was used to generate parameter estimates of activity at each voxel, for each condition, for each participant. Linear contrasts between regressors, representing the diVerent experimental conditions, were used to determine activated brain areas by generating statistical parametric maps of the t statistic (SPM{t}).
For the group, a random-eVects analysis was employed (Friston et al. 1999) , so that any inferences drawn from the data can be applied to the general population. For every participant, a single mean image was generated for each contrast between experimental conditions. These images were then used as the basis for inter-participant comparisons and used to generate a statistical parametric map of the t statistic at every voxel. Behavioural measures of RT and accuracy, for both the WM and search tasks, were added as covariates of no interest to the group analysis where appropriate, to ensure that these measures did not inXuence the observed pattern of activation. A threshold of p < 0.001, uncorrected for multiple comparisons, was used to determine signiWcance, unless otherwise stated.
Regions of interest
To determine whether the cortical networks associated with our spatial and/or verbal working memory tasks overlapped with that for ineYcient visual search, a 'mask' ROI image (thresholded at p < 0.01, uncorrected) was applied to the data to restrict our analysis to regions known to be involved in ineYcient search. This mask was generated using independent data from a previous study that speciWcally investigated the cortical network for ineYcient search using a comparable experimental design (Anderson et al. 2007) , and hence only includes voxels known to be associated with ineYcient search. Data from both studies were normalised to the same standard template. For the 'search only' condition included in the present study, the visual search task was sandwiched in the middle of a 'dummy' working memory task to ensure comparable visual stimulation and manual responses across all conditions. Therefore, only a small portion of each trial actually involved performing the search task, and brain activity averaged across the block will have been signiWcantly contaminated by neural responses associated with observing and responding to the dummy working memory task. Hence, a mask ROI image was generated from the results of our previous study, which more accurately represents the brain areas involved in ineYcient search, and used to determine regions of overlap with the working memory tasks used here.
Further, region of interest analyses were carried out on two speciWc regions of prefrontal cortex previously associated with ineYcient search: the inferior and middle frontal cortex of the right hemisphere. These regions were deWned apriori using the same mask ROI image generated from our previous fMRI study described above, and used for the purpose of probing the neural correlates of dual-task processing within these regions (see below). The inferior frontal region was deWned by a cluster of activity in the ventro-lateral prefrontal cortex (VLPFC), Brodmann's areas 44/47, centered around the MNI coordinates [44/20/-6]. The right middle frontal region, in the dorso-lateral prefrontal cortex (DLPFC), Brodmann's area 9/46, was deWned by a sphere with a 15 mm radius centered on the MNI coordinates [48/12/26].
Results experiment 2
Behavioural responses during scanning
Fixation analysis
Fixation for each condition was analysed separately (Table 3) . Analysis of variance, with working memory load (single-task, dual-task) and working memory domain (spatial, verbal) as within participant factors, conWrmed there was no eVect of memory load (F(1,11) = 0.647, p = 0.438), or working memory domain (F(1,11) = 0.024, p = 0.878), and no interaction (F(1,11) = 0.014, p = 0.908), on the number of saccades made. Similarly, there was no eVect of memory load (F(1,11) = 0.332, p = 0.576), or working memory domain (F(1,11) = 2.160, p = 0.170), and no interaction (F(1,11) = 0.014, p = 0.908), on the amplitude of saccades made.
Search performance
Similar to experiment 1, search RTs and search accuracy did not signiWcantly diVer for search performed within the retention interval of either the spatial or the verbal working memory task (Table 1b) . Analysis of variance on search times, with working memory domain (spatial, verbal) and target presence (present, absent) as within participant factors, conWrmed a main eVect of target presence (F(1,11) = 27.328, p < 0.001) but no main eVect of working memory domain (F(1,11) = 0.004, p = 0.950) and no interaction (F(1,11) = 1.223, p = 0.292).
No signiWcant diVerence in search accuracy was found across all conditions (F(2,22) = 1.564, p = 0.232).
Working memory performance
Error rates for the SWM only condition were slightly higher than those for the VWM only condition, but the diVerence did not reach signiWcance (see Table 2b , paired t test: t(11) = 1.915, p = 0.082), all participants achieved greater than 71% accuracy in both tasks. However, under dual-task conditions errors on the SWM task were signiWcantly higher than those for the VWM task (paired t test: t(11) = 3.647, p = 0.004). Analysis of variance, with working memory domain, and search (no search, search) as within participant factors, conWrmed a main eVect of working memory domain (F(1,11) = 15.699, p = 0.002) and a main eVect of search (F(1,11) = 18.529, p = 0.001), but no interaction (p = 0.297).
As for experiment 1, no apriori predictions were made about the eVect search would have on the working memory response times. Analysis of variance revealed no eVect of memory domain (F(1,11) = 0.376, p = 0.552), no eVect of search (F(1,11) = 0.363, p = 0.559) and no interaction (F(1,11) = 2.027, p = 0.182) (Table 2b) .
fMRI data
The primary aim of this study was to determine whether brain areas known to be recruited during ineYcient visual search could be associated with working memory processes, and if so, whether these processes were speciWc to the spatial domain.
Common pathways for spatial working memory and visual search First, to determine whether brain activity associated with spatial working memory overlapped with that for ineYcient search, the results for the SWM only condition (versus Wxation baseline) were masked with an image representing the cortical network for ineYcient search previously identiWed (Anderson et al. 2007 ) (see "Methods"). This mask acts to restrict the data to voxels known to be involved in ineYcient search, so that areas of overlap can be determined.
This revealed overlapping regions of activity in the inferior, middle and superior frontal cortex bilaterally, bilateral parietal cortex extending from posterior to anterior aspects of the intra-parietal sulcus as well as inferiorly to the parieto-occipital junction in the right hemisphere, and bilateral occipital activation (Table 4) .
In addition, we compared activity evoked by the dualtask condition 'SWM & search' with the single-task control condition 'Visual search only', to identify areas speciWcally associated with the additional spatial working memory task. Although this comparison has the advantage of controlling for visual and motor responses, it suVers from the assumptions of pure insertion (Friston et al. 1996) . Thus, if activity is subadditive in cortical areas recruited by both tasks, then activity in these areas may be lost in the subtraction; or if the two tasks interact there is potential for additional areas related to dual-task performance to be included in the network of cortical activity. Therefore, this comparison is included purely as supportive data to the above Wndings. When this comparison was masked with the cortical network for ineYcient search found previously, the results were very similar to those documented above conWrming their reliability.
Common pathways for verbal working memory and visual search
To determine whether a non-spatial working memory task also activated cortical regions associated with ineYcient search, the results for the VWM only condition (versus Wxation baseline) were masked with the results for ineYcient search.
Cortical areas associated with both VWM and ineYcient search included the inferior frontal cortex bilaterally, the right middle frontal cortex, bilateral superior frontal cortex, bilateral parietal cortex extending from posterior to anterior aspects of the intra-parietal sulcus as well as bilateral superior occipital cortex (Table 5 ).
In addition, we compared activation produced by the dual-task 'VWM & search' with the single-task control condition 'Visual search only', in order to identify brain areas associated with the verbal working memory task, whilst controlling for visual and motor responses. When this contrast was masked with the results for ineYcient search very similar results were obtained to those documented above, adding further support and reliability to the above Wndings.
Potential sites of interference between working memory and visual search
The results of the previous sections show considerable overlap in the regions activated by both working memory tasks and ineYcient search. Figure 5 shows the activation patterns for all three tasks overlaid on the same axial slices of the brain. Regions of overlap highlight possible sites for the behavioural interference eVects observed, these include the right inferior and middle frontal cortex, the left superior frontal gyrus, posterior, middle and anterior regions of the intra-parietal sulcus and the superior occipital gyrus, predominantly in the right hemisphere. Although the behavioural interference eVects observed in experiment 1 could potentially have arisen from competition for cortical processing within any of these regions, the most likely sites of interference are the right inferior and middle frontal gyrus. Evidence for believing this comes from two related studies that employed the same working memory and search tasks used here. Regions of the right inferior and middle frontal gyrus have been uniquely associated with ineYcient search, but not eYcient search (such as an X amongst Ls) (Anderson et al. 2007 ). However, both eYcient and ineYcient search were found to engage regions of occipital and parietal cortex, which overlap with areas also activated by our spatial and non-spatial working memory tasks. Because dual-task interference has not been found to occur between eYcient search and the working memory tasks used here (Anderson et al. 2008 ) (suggesting that these tasks do not compete for cortical processing), it is unlikely that areas of occipital and parietal cortex are the critical site of interference. Such interference is more likely to occur within regions of prefrontal cortex that are uniquely activated by ineYcient search and both the working memory tasks, i.e. the right inferior and middle frontal gyrus. ROI analysis was thus carried out within these two speciWc regions, to further probe the neural correlates of performing the ineYcient visual search tasks simultaneously with the working memory tasks (see below).
Of further interest, in addition to the common cortical areas activated by both the spatial and verbal working memory tasks, we also found evidence for regions of domain-speciWc activity-there was a relative lateralisation for greater activation of left hemisphere areas during verbal working memory and greater right hemisphere activation during spatial working memory, consistent with previous Wndings (Nystrom et al. 2000; Postle et al. 2000; Hautzel et al. 2002) .
Cortical activations during dual-task conditions
To investigate the neural correlates of dual-task performance, we compared activity during dual-task and singletask conditions within two speciWc regions of frontal cortex which we predicted to be the most likely site of the dualtask interference found between the ineYcient search and working memory tasks used here (Fig. 6) .
For the VLPFC region there was greater activity for the spatial working memory task than the verbal working memory task (t(11) = 2.513, p = 0.029), and dual-task performance did not signiWcantly increase activity in the right VLPFC region compared to the working memory tasks performed alone (spatial: t(11) = 0.406, p = 0.693; verbal: t(11) = 1.081, p = 0.303).
Activity within the right DLPFC region did not signiWcantly diVer for the SWM only and VWM only tasks (t(11) = 1.046, p = 0.318), however, when ineYcient visual search was performed within the retention interval of the spatial working memory task there was a signiWcant increase in activity (t(11) = 2.967, p = 0.013), which was not observed for the verbal working memory task (t(11) = 0.349, p = 0.734).
Importantly, behavioural measures of RT and accuracy, for both the WM and search task, were included where appropriate as covariates of no interest in the group analysis (see "Methods"). Hence, the pattern of activity observed in the DLPFC and VLPFC regions of interest did not reXect any correlation with these measures (parameter estimates for all covariates of no interest were less than 0.05 for all conditions, in either region). Thus it is unlikely that the increase in DLPFC activity observed for the SWM & search condition was driven by non-speciWc processes related to task diYculty.
Of additional interest, we found no evidence for any cortical area speciWcally associated with 'dual-task' performance, regardless of domain. When the dual-task conditions (SWM & search + VWM & search) were compared with the working memory only conditions (SWM only + VWM only), there was no activity above threshold, even when threshold was reduced to p < 0.01.
General discussion
This study aimed to clarify the role of working memory resources in ineYcient visual search. Experiment 1 conWrmed that dual-task interference eVects occur when ineYcient visual search is performed within the retention interval of either a spatial or a verbal working memory task, replicating previous Wndings. The magnitude of the interference eVects, which manifest as a decrease in search eYciency and search accuracy, were comparable across the spatial and non-spatial domain, suggesting that visual search competes for processes which are common to both working memory tasks.
In experiment 2, we demonstrated considerable overlap in the cortical activation patterns associated with ineYcient visual search and both the spatial and verbal working memory tasks. The behavioural interference eVects observed between these tasks are likely to have arisen from competition for cortical processing within these overlapping regions (Klingberg and Roland 1997; Klingberg 1998) .
Overlapping pathways for working memory and ineYcient visual search
The spatial and verbal working memory tasks used here activated overlapping regions of occipital, parietal and frontal cortex, consistent with many previous imaging studies that show common cortical activation across a variety of working memory domains (Owen et al. 1998; Duncan and Owen 2000; Nystrom et al. 2000; Postle et al. 2000; Hautzel et al. 2002) . Importantly, activity in these regions also overlapped with areas known to be associated with ineYcient visual search. As discussed previously, although the behavioural interference eVects observed in experiment 1 could potentially have arisen from competition for cortical processing within any of the overlapping regions, the results of previous work lead us to believe that the most likely sites of interference are the right inferior and middle frontal gyrus. What processes might these areas subserve that all three tasks compete for? For the working memory tasks used here, information had to be held on-line and rehearsed throughout the retention interval. Similarly, during ineYcient search, information about the target item, as well as information about previously searched items is held 'online' to facilitate attentional selection and ensure correct target selection (Duncan et al. 1997; Desimone 1998; Shore and Klein 2000) . The VLPFC, Brodmann areas 45/47, is thought to play a key role in such functions-maintaining spatial and non-spatial information in memory (Jonides et al. 1993; Courtney et al. 1997; Pollmann and von Cramon 2000) as well as the active retrieval of information from memory (Cadoret et al. 2001) .
The middle frontal region of overlap, which fell within the DLPFC (Brodmann's area 9/46), has repeatedly been implicated in spatial and non-spatial working memory tasks, particularly when the manipulation of information in memory is required (McCarthy et al. 1996; Owen 1997; D'Esposito et al. 1998; Owen et al. 1998; Nystrom et al. 2000; Hautzel et al. 2002; Wager and Smith 2003) . Activity in this region has been associated with increased working memory demands , reconWguring and continuous updating of information in memory (Owen et al. 1999; Wager and Smith 2003) , as well as continuous monitoring of information and actions (Rowe et al. 2000; Rowe and Passingham 2001; Petrides et al. 2002; Lau et al. 2004) . Furthermore, neuroimaging in humans and electrophysiological studies in monkeys have found the DLPFC to play an important role in attentional selection (de Fockert et al. 2001; Lebedev et al. 2004) , including selecting targets from distractor items during visual search (Iba and Sawaguchi 2002; Iba and Sawaguchi 2003) , or from an internal representation (Carlson et al. 1998) , including selecting an item from memory according to its temporal position (Rowe and Passingham 2001; Wager and Smith 2003) . It is plausible that a common underlying mechanism is responsible for attentional selection as well as manipulation of information in memory, and it is this common mechanism for which the working memory and search task compete.
Monitoring of incoming information and continual updating of information in memory are essential to 'keep track' during visual search. The load on these processes increases with set size, as the number of items to monitor increases. Further, if ineYcient search proceeds in a serial manner, with the aid of memory for previously searched locations/items, then a process that monitors the order in which items enter memory will also facilitate the search process by preventing re-searching of previously visited items (McCarley et al. 2003) . Thus, both the VLPFC and DLPFC subserve cognitive functions associated with monitoring, manipulating and retrieving information from memory considered important for successful performance in both the ineYcient search and the working memory tasks. Indeed, single-unit recordings in non-human primates have found a population of DLPFC neurons with properties consistent with a role in both working memory and visual search (Rainer et al. 1998; Iba and Sawaguchi 2002; Iba and Sawaguchi 2003) . Many researchers agree that the function of the prefrontal cortex is broadly one of 'executive control' (Miller and Cohen 2001 ) and a speciWc frontal network appears to be consistently recruited for the solution of diverse cognitive problems (Duncan and Owen 2000) . Indeed, neurons in the prefrontal cortex appear to have a special role in integrating diVerent types of information and can be Xexibly 'tuned' according to current behavioural demands (Rao et al. 1997; Rainer et al. 1998; Prabhakaran et al. 2000) .
Region of interest analysis and dual-task performance
Dual-task performance increased activity within the same cortical network found for the working memory tasks performed alone. However, the region of interest analyses demonstrated that dual-task performance had a diVerential eVect on VLPFC and DLPFC activity (Fig. 6) .
Consistent with previous Wndings that show the VLPFC to be insensitive to the increased task demands required for dual-task performance (Owen et al. 1999; Manoach et al. 2004) , activity within this region did not increase for our dual-task conditions compared to the single-task (working memory only) conditions. There was however, greater activity for the spatial tasks compared to the verbal tasks, consistent with the relative tendency for greater involvement of the right hemisphere for spatial compared to nonspatial material (D'Esposito et al. 1998; Wager and Smith 2003) .
In contrast, although activity within the right DLPFC region did not signiWcantly diVer for the spatial and verbal single-task conditions, when ineYcient visual search was performed within the retention interval of the spatial working memory task there was a signiWcant increase in activity. This eVect was not observed for the verbal domain. Although the overall working memory load associated with executive functioning should be the same for both dual-task conditions, the fact that memory was split across the verbal and spatial domain in the case of the dual-task verbal working memory and ineYcient search condition, may have reduced the processing burden on this region. That is, when two spatial tasks were performed concurrently (spatial working memory and ineYcient search) there was greater engagement of DLPFC, than when a verbal working memory task and ineYcient search (predominantly spatial task) were performed concurrently. This Wnding is consistent with previous studies that have shown the DLPFC to be sensitive to increases in spatial memory load Cohen et al. 1997; Rypma et al. 1999) .
It has been suggested that DLPFC activity during dualtask paradigms may be related to the allocation and coordination of attentional resources, a process that has been proposed to be unique to dual-task performance (D'Esposito et al. 1995) . However, we found no speciWc cortical areas recruited for 'dual-task' performance that were not also recruited during our single-task conditions. It has also been argued that increased task diYculty, or eVort, can lead to increased DLPFC activity. Although task diYculty was not equated in the two dual-task conditions (indexed by the greater number of errors in the spatial dual-task condition than the verbal dual-task condition), we found no signiWcant correlation of response errors on the working memory tasks with brain activity within this region. The increase in errors for the spatial working memory dual-task conditions is consistent with our previous study, and also with the Wndings of others (Experiment 1, Oh and Kim 2004; Woodman and Luck 2004) . Interestingly, the error rate on the spatial working memory task did not increase with search set size, which might have suggested mutual interference between the search task and the working memory task. Interestingly, a similar increase in error rate also occurs when the spatial working memory task is performed concurrently with an eYcient search task (Anderson et al. 2008 ). Thus, it seems that the mere presence of the search array (regardless of diYculty) acts as a non-speciWc mask that disrupts the representation of spatial information in working memory, independent of any speciWc visual search process (Woodman et al. 2001) .
Our Wndings are consistent with previous studies that have shown activity in DLPFC to increase speciWcally with increasing working memory demands, and not when task diYculty was increased independently of working memory requirements (Barch et al. 1997) . Moreover, several studies have even found decreased activation in the right middle frontal gyrus with increasing cognitive load (Barch et al. 1997; Manoach et al. 2004) . Therefore, it is unlikely that the increased activity in DLPFC is related to some non-speciWc increase in task diYculty un-related to working memory demands.
Conclusions
Using a dual-task paradigm, we found signiWcant dual-task interference eVects between an ineYcient visual search task and both a spatial and non-spatial (verbal) working memory task. These behavioural interference eVects, which manifested as a decline in search eYciency, were comparable across the spatial and non-spatial domain-suggesting a critical role for non-spatial as well as spatial working memory in visual search. Consistent with this, using fMRI, we found considerable overlap in the cortical networks recruited during ineYcient visual search and both the spatial and the verbal working memory tasks, suggesting that the behavioural interference eVects observed may result from competition for processing resources within common cortical areas. Drawing on previous Wndings, we propose that the most likely site for such competition is within the inferior and middle frontal cortex of the right hemisphere. These areas are associated with attentional selection from memory as well as manipulation of information in memory, and we propose that the search task and working memory tasks used here compete for common processing resources underlying these mechanisms.
